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MRI-COMPATIBLE IMPLANTABLE DEVICE 

Cross-reference to related patent application 

This application is a continuation-in-part of applicants' copending patent application 
U.S.S.N. 09/839,286, filed on April 20, 2001. Priority for the U.S. S.N. 09/839,286 case 
was based upon provisional patent application U.S.S.N. 60/198,631, filed on April 20, 2000. 
Field of the invention 

A cardiac assist apparatus with a controller comprised of a parallel resonant frequency 

□ 

i s Q circuit activated by energy input. 

!? 

Background of the invention 

9 Magnetic resonance imaging (MRI) has been developed as an imaging technique adapted 

,? to obtain both images of anatomical features of human patients as well as some aspects of the 

I'Q functional activities of biological tissue. These images have medical diagnostic value in 
Q 

rU determining the state of the health of the tissue examined. 

i' 4 Thus, e.g., as is disclosed in United States patent 6,144,205 (the entire disclosure of 

which is hereby incorporated by reference into this specification), in an MRI process a patient is 
typically aligned to place the portion of his anatomy to be examined in the imaging volume of 
the MRI apparatus. Such MRI apparatus typically comprises a primary magnet for supplying a 
constant magnetic field (B 0 ) which, by convention, is along the z-axis and is substantially 
homogeneous over the imaging volume and secondary magnets that can provide linear magnetic 
field gradients along each of three principal Cartesian axes in space (generally x, y, and z, or xi, 
x 2 and x 3 , respectively). A magnetic field gradient (AB 2 /Ax;) refers to the variation of the field 
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along the direction parallel to B 0 with respect to each of the three principal Cartesian axes, x { . 
The apparatus also comprises one or more RF (radiofrequency) coils which provide excitation 
and detection of the NMR signal. 

The use of the MRI process with patients who have implanted pacemakers often presents 
problems. As is known to those skilled in the art, implantable devices (such as implantable pulse 
generators (IPGs) and cardioverter/ defibrillator/pacemakers (CDPs)) are sensitive to a variety 
of forms of electromagnetic interference (EMI). These devices include sensing and logic 
systems that respond to low-level signals from the heart. Because the sensing systems and 
conductive elements of these implantable devices are responsive to changes in local 
electromagnetic fields, they are vulnerable to external sources of severe electromagnetic noise, 
and in particular to electromagnetic fields emitted during the magnetic resonance imaging (MRI) 
procedure. Thus, patients with implantable devices are generally advised not to undergo 
magnetic resonance imaging (MRI) procedures. 

Attempts have been made to protect implantable devices from MRI fields. Thus, for 
example, United States patent 5,217,010 (to Tsitlik et al.) describes the use of inductive and 
capacitive filter elements to protect internal circuitry. United States patent 5,968,083 (to 
Ciciarelli et al.) describes a device adapted to switch between low and high impedance modes of 
operation in response to EMI insult. United States patent 6,188,926 (to Vock) discloses a 
control unit for adjusting a cardiac pacing rate of a pacing unit to an interference backup rate 
when heart activity cannot be sensed due to EMI. The entire disclosure of each of these United 
States patents is hereby incorporated by reference into this specification. 

However, the "solutions" presented by these prior art patents are not entirely adequate. 
The techniques they describe do not provide a fail-safe system when the protective circuitry or 



the backup modes of the implantable device fail to protect the implantable device from 
malfunction due to exposure to electromagnetic fields. 

It is an object of this invention to provide a device that will cease furnishing power to a 
pacemaker at specified intervals while an individual is undergoing an MRI procedure. 

It is another object of this invention to provide a means for furnishing power to a 
pacemaker while protecting it from damage induced by certain radio frequency fields. 
Summary of the invention 

In accordance with this invention, there is provided a cardiac assist device comprising 
means for connecting said cardiac assist device to a heart, means for furnishing electrical 
g impulses from said cardiac assist device to said heart, means for ceasing the furnishing of said 
; y electrical impulses to said heart, means for receiving pulsed radio frequency fields, and means 
3 for receiving optical signals. The device contains a control circuit comprised of a parallel 

;n 

$ resonant frequency circuit activated by energy input. 
;*j Brief description of the drawings 

;^ The invention will be described by reference to the following drawings, in which like 

K * numerals refer to like elements, and in which: 

Figure 1 is sectional view showing a cross-section of one preferred implantable device of 
the invention; 

Figure 2 is a block diagram showing the functional components the implantable device of 
Figure 1; 

Figure 3 is a schematic of a robust pacing circuit utilized in the device of Figure 1 ; 
Figure 4 is schematic illustrating a "cordwood" construction of the pacing circuitry of 
the device of Figure 1; 
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Figure 5 is a schematic of a preferred process of the invention; 
Figure 6A is a pulse depiction of a standard MRI device; 

Figure 6B is a pulse depiction of the optical emitter of the apparatus of this invention; 

Figure 6C is a timing diagram of pulses produced by MRI device, showing its 
phase relationship to the energy produced by the optical emitter of Figure 6B; 

Figure 6D is a pulse energy of input and output of the cardiac assist device of this 
invention, showing the phase relationships between said input and output; 

Figure 7 is a schematic of one preferred embodiment of the present invention. 

Figures 8A through 8D are schematics of various resonant frequency circuits which can 
be used in the device of Figure 1; 

Figure 9 is a depiction of one preferred implantable device of the invention; and 

Figure 10 is a depiction of another preferred implantable device of the invention. 
Description of the preferred embodiments 

This specification is presented in two parts. The first part of the specification discusses 
the utilization of a secondary backup cardiac assist device. The second part of this specification 
discloses a cardiac assist device comprising means for connecting said cardiac assist device to a 
heart, means for furnishing electrical impulses from said cardiac assist device to said heart, 
means for ceasing the furnishing of said electrical impulses to said heart, means for receiving 
pulsed radio frequency fields, means for receiving optical signals; the device contains a control 
circuit comprised of a parallel resonant frequency circuit activated by optical input. 
A secondary backup cardiac assist device 

In one embodiment of the present invention, there is provided an implantable device that 
is resistant to electromagnetic interference comprising first and second modular components and 



an arrangement for communication between the first module and second modules. During a 
normal operating mode, the first module performs physiologic functions and the second module 
is deactivated. When electromagnetic interference is detected, the second module, which is 
resistant to EMI insult, is activated and the first module is deactivated to further protect its 
components from EMI. 

There is also provided, in another embodiment, an implantable device used to monitor 
and maintain at least one physiologic function, which is capable of operating in the presence of 
damaging electromagnetic interference. The implantable device includes primary and secondary 
modules, each independently protected from EMI damage via at least one shielding and/or 
! p filtering, and a non-electrical communication device for communicating in at least one direction 
r5 between the primary and the secondary modules. The primary module, in response to input from 
Q electrical sensing leads, activates the secondary module in a failsafe mode. In the failsafe mode, 

cn 

'•ft the secondary module carries out a physiologic function upon activation and in the presence of 
•'3 

|Iq electromagnetic interference. 
i'3 

j'y In an advantageous embodiment, the physiologic function performed by the implantable 

Q ... 
|.4 device is a cardiac assist function, and the implantable device is a cardiac assist device. 

A cross-section diagram of an embodiment of the implantable device according to one 

embodiment of the present invention is shown in Figure 1. The body of the device 10 is shown 

in rectangular form for illustrative purposes only and may have a rounded shape when implanted 

in the body to avoid tissue damage due to sharp edges. The body of the implantable device 10 

includes two modules, a primary module 20 and a secondary module 30, which are hermetically 

sealed from each other. As will be described further below, according to an embodiment of the 

present invention, the primary module is a demand pacemaker (DDD) with PCD functionality. 



5 



As is known in the art, a demand (DDD) pacemaker denotes an implantable device that paces 
and senses both atrial and ventrical chambers of the heart and can either trigger or inhibit 
functions depending on detected parameters. During normal operation, the primary module 20 
controls the various pacing, cardioversion and defibrillation operations of the implantable device 
10 via electrical pacing lead 24, and detects parameters indicating how the heart is functioning 
via electrical sensing lead 28. Both the pacing leads and sensing leads are bipolar leads; these 
leads comprise means for connecting the cardiac assist device to a patient's heart (not shown), 
and they comprise means for furnishing electrical impulses from the cardiac assist device to the 
heart. 

The primary module 20 includes a circuitry portion 21, which contains signal detection 
and logic circuitry for performing pacing and analysis functions and a battery portion 22. The 
battery includes either no magnetic material or non-magnetic materials. It may be, for example, 
a lithium-iodine battery, or its equivalent in another chemistry, e.g. it may have an anode of 
lithium or carbon and a cathode of iodine, carbon monofluoride, or of silver vanadium oxide, or 
sulfur dioxide, SOCl 2 or S0 2 Cl 2 . The circuitry portion 21 is separated from the battery portion 
by a non-magnetic and non-corrosive layer 23 which, as described below, can be made from 
titanium or from a carbon-composite material. 

The implantable device 10 also includes a secondary module 30, which contains 
independent circuitry 31, and battery 32 components also separated by a non-magnetic and non- 
corrosive layer 33. The secondary module 30 is not activated when the primary module 20 
operates, but is only switched on when the primary module malfunctions or detects a voltage 
induced by electromagnetic interference (EMI) that exceeds a certain level, such as, for example, 
3 Volts. During such an occurrence, the secondary module 30 acts as a backup VOO pacemaker 



(ventricle driven, with no ventricle-sensing input nor any ventricular triggering or inhibition), 
which is ventricle driven, with no ventricle-sensing input nor any ventricular triggering or 
inhibition. The secondary module 30 sends pacing signals via a unipolar electrical lead 34 to a 
ventricle chamber of the heart but does not receive any detected input signals. In accordance 
with its backup function, the secondary module 30 is supplied with power by a separate battery 
source 32, which is also of a non-magnetic type, such as a lithium-iodine battery. 

Both the primary and secondary modules 20, 30 are encased within shieldings 16 that 
protect their respective circuitry components from external electromagnetic fields. The 
shieldings 16 can be made from carbon-matrix composites with continuous carbon fiber filler 
'? which is particularly effective in EMI shielding, as discussed in "Electromagnetic interference 
j<y shielding using continuous carbon- fiber carbon-matrix and polymer-matrix composites," Luo, 
Q X., and Chung, D.D.L., in Composites: Part B (1999), and also suitable for injection molding to 

iin 

(31 encase circuit components. The thickness of the shielding 16 varies from approximately 1 to 3 

iS 

0 millimeters. In addition, the batteries of the primary and secondary modules 22, 32 are also 
CO 

encased in separate shieldings 16 made of similar materials. 
^ An optical window 40, made from glass or ceramic, which may be an infrared- 

transmissive window, is situated between the respective circuitry portions 21 and 31 of the 
primary and secondary modules 20, 30. The optical window 40 allows for communication to 
occur between the primary and secondary modules 20, 30. The window 40 is transparent to a 
range of frequencies of visible or infrared radiation. The thickness of the window has an optimal 
range of between 0.3 and 1.0 centimeter. To maintain a hermetic seal between the modules 20, 
30, the optical window 40 is bound with brazing to sealing fixtures 35, 36 (also referred to as 
ferrules) that are welded to the respective modules in a manner that may correspond, for 
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example, to that described in, for example, United States Patent 5,902,326 to Lessar et al. The 
entire disclosure of this United States patent is hereby incorporated by reference into this 
specification. 

To further protect the implantable device 10 from external electromagnetic fields, the 
entire implantable device 10, including the electrical leads 24, 28, 34, is coated with a non- 
magnetic, biocompatible layer 18 such as rolled titanium or flexible graphite. Flexible graphite 
has been shown to be a particularly effective shielding gasket material as discussed, for example, 
in Flexible Graphite for Gasketing, Adsorption, Electromagnetic Interference Shielding, 
Vibration Damping, Electrochemical Applications, and Stress Sensing, Chung, D.D.L., Journal 

'? of Mat. Eng. and Performance, Vol. 92 (2000), due to its resilience, chemical resistance and 

'•3 

l«y shielding properties. Graphite/polymer composites may also serve as layer 18. With both the 

|,<^ 

Q inner 16 and outer 18 shielding layers in place, only the ends of the electrical leads 24, 28, 34, 

in . 

ffl that are in direct contact with heart tissue remain vulnerable to electromagnetic fields. Since the 
^ ends of the leads must be exposed in order to pace the heart or detect electrical impulses, 

electromagnetic interference can propagate through the ends of the leads to the circuitry of the 
U primary and secondary modules 20, 30. The circuitry described below addresses this problem. 

Figure 2 shows functional components of a dual-module implantable device 10 according 
to an embodiment of the present invention. As shown, the functional components of the primary 
module 20 include a power supply (from the battery 22), which supplies power along a main 
power and device communication bus 125 to the circuitry 21. The circuitry 21 includes a 
processor 100 coupled to the main bus 125, which can be implemented as a parallel processor, or 
as a microprocessor adapted to perform analog signal processing functions 102 in addition to 
error detection 104 and power reduction operations 106. In the analog-processing mode 102, the 
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processor 100 analyzes cardiac signals input from the sensing lead 28 and determines a QRS 
complex from the various properties of the input signals. The processor 100 determines from the 
analysis whether a detrimental heart condition exists, and directs a pacing circuit 140 to transmit 
corrective pulses to ameliorate the condition. 

The processor 100 is also configured to detect internal errors or circuitry malfunctions. 
As will be described further, when such errors are detected, the processor 100 initiates a shut 
down of the primary module 20 and sends a signal via optical window 40 that instructs module 
30 to become activated. Furthermore, to preserve the life of the battery 22 for as long as 
possible, the processor 100 regulates the application of power to various circuit elements in order 

is i to reduce static power consumption, in a manner such as described, for example, in United States 

'3 

i : y Patent 5,916,237 to Schu; the entire disclosure of this United States patent is hereby incorporated 

Q by reference into this specification.. The processor 100 is coupled to a memory unit 170 in 

iiri 

SO which instructions and data are stored. 

is 

'? The primary module circuitry 21 also includes an optical source unit 150 coupled to the 

l>y main bus 125. Optical source unit 150 can be any source of visible or infrared radiation that 

q 

j4 does not consume significant amounts of power, such as a light emitting diode (LED). During 
normal operation of the primary module, the optical source 150, according to various 
implementations known in the art, turns on and off with a specific well-defined frequency or 
remains continually on. The optical source unit 150 is arranged in relation to the optical window 
40 so that radiation emitted from the source unit 150 penetrates through the optical window 40 
into the secondary module 30. Both the processor 100 and the optical source unit 150 are 
situated downstream from a power-down switch 118. 
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The primary module circuitry 21 also includes an optical sensor unit 160 similarly placed 
in relation to the optical window 40, in this case, so that it can receive radiation emitted from 
sources within the secondary module 30. The optical sensor unit 160 preferably is a low-power 
photodetector sensitive to infrared or visible radiation of a certain wavelength range, preferably 
from about 400 to 800 nanometers. The optical sensor unit 160 is coupled to the main bus 125 
upstream from the power-down switch 1 18, so that it remains connected to the power supply 22 
via the main bus 125 and therefore remains functional, even when the power-down switch 1 18 is 
opened. 

Similarly, a telemetry unit 180 is also situated upstream from the power-down switch 118 
so it also can function when the power-down switch 1 18 is opened. The telemetry unit 180 may 
be, for example, a subcutaneous near-infrared signal transmitter, such as described in United 
States Patent 6,192,261 to Gratton et al., that radiates through body tissues and can communicate 
with a near-by remote programming device equipped with an infrared receiver, for example, 
during an examination at a medical facility; the entire disclosure of this United States patent is 
hereby incorporated by reference into this specification. In another implementation, the 
telemetry unit may use low-power high-frequency radio signals in the Bluetooth ® range to 
communicate with nearby Bluetooth-enabled network devices. In either case, the telemetry unit 
180 can communicate information such as the condition of the heart, the remaining life of the 
implantable device batteries, and whether the primary module 20 is inoperative. 

The processor 100 is coupled to pacing lead 24 and sensing lead 28 via respective 
comparators 1 10 and 1 15. The comparator 110 compares voltage on the input lead 28 with a 
threshold voltage, set to, for example 3 Volts. If the input voltage exceeds the threshold voltage, 
the comparator 1 10 sends a signal to the processor 100. The comparator 1 15 is reverse biased, 
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so that it compares voltages caused by external fields, rather than the output pulse signal on the 
pacing lead 24, to the threshold voltage, also set to, for example, 3 Volts. If the external voltage 
appearing on the pacing lead exceeds the threshold voltage, the comparator 115 sends a signal to 
the processor 100. 

When a voltage exceeds the threshold, this indicates that external EMI fields, which may 
be caused by an MRI device, are present, and that normal operation of the primary module is to 
cease. To protect the primary module 20, from excessive voltage signals, a switch (not shown) is 
thrown to redirect lead signal through capacitive and inductive elements 1 14, which filter signals 
on the pacing 24 and sensing 28 leads in a way known in the art before they reach the circuitry 
?! 21 of the primary module 20. Upon receiving the threshold signal from either comparators 110 
I'jj or 1 15, the processor 100 sends a power-down signal to open the switch 118. Additionally, the 
Q processor 100 may send a power-down signal to open the switch 1 18 in response to detection of 

m 

Cfl internal errors or malfunctions. United States patent 5,653,735 describes, for example, one way 
•3 by which error detection module 104 can detect malfunctions in primary module 20 not caused 

'3 

!ly by EMI; the entire disclosure of this United States patent is hereby incorporated by reference 

u& into this specification. 

When the power-down switch 1 18 is opened, the primary module circuitry components 
downstream from the switch are disconnected from the power supply 22 and no longer operate. 
In particular, the primary module 20 stops transmitting pacing pulses to the heart and the optical 
source unit 150 stops radiating through the optical window 40. As noted above, the telemetry 
unit 180 and the optical sensor unit 160 of the primary module 20 continue operating. 
When the optical source unit 150 of the primary module 20 stops emitting radiation, this event is 
detected by the optical detector 260 of the secondary module 30, which is adapted to detect an 
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absence of radiation of either a certain frequency or for a defined period of time, for example, 
two seconds. Upon detection, the optical detector 260 transmits a power-up signal to switch 218, 
which closes and connects the secondary module circuitry 31 to the secondary power supply 32. 
In this manner, the secondary module 30 is activated when the primary module 20 is deactivated. 

The secondary module circuitry 31 includes an oscillator stage 230, an amplifier stage 
240 and a counter 245. Figure 3 shows an exploded view of the oscillator 230 and amplifier 240 
stages, which are comprised of robust electrical components, such as bipolar transistors, that are 
not easily disturbed by electromagnetic insult. The oscillator 230 includes bipolar transistors 321 
and 322 which are coupled in an emitter feedback arrangement. The RC circuit 310 comprised 
of resistor 31 1 and capacitor 312 sets the fixed repetition rate of the oscillator 230. Once the 
secondary module 30 is turned on, a pulse is produced and sent on to an amplifier stage 240 
comprising bipolar transistor 323. A shaping RC circuit 340, comprising capacitor 341 and 
resistor 342 modifies the shape of a pulse that triggers the ventricle tissues in the heart (shown as 
400). This secondary module circuitry 3 1 generates an electrical pulse that stimulates the heart 
tissues 52 via a lead 34 extending from the secondary module 30, whereby it produces 
ventricular contraction at a fixed rate. The return path for the pulse signal is through lead 34 
from the body tissues 400 to the secondary module 30. Since the pacing lead 34 can conduct 
electromagnetic interference, a reverse biased comparator 280 switches the conducting path to 
capacitive and inductive filtering elements 290 when a threshold voltage is reached. This adds 
an extra layer of protection to the secondary module circuitry 3 1 . 

Because the secondary module 30 only performs basic pacing operations and does not 
perform diagnostic functions, if the primary module 20 shuts down in response to temporary 
electromagnetic interference, it is important to reactivate the primary module 20 (and deactivate 
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the secondary module 30) when the implantable device 10 is no longer threatened by the 
electromagnetic interference. For example, since MRI procedures generally last approximately 
half an hour, the primary module 20 should only be deactivated for a half an hour plus an 
additional amount as a tolerance factor, for example. 

To keep track of the length of time the secondary module 30 is operating, the secondary 
module circuitry 31 includes a counter element 245 coupled to the oscillator element 230, that 
counts oscillator transitions. Once the secondary module is turned on, the counter element 245 
increments and can trigger a reset function to turn the primary module 20 back on when it 
reaches a specific count after a pre-defined length of time. 

In one embodiment, the counter 245 triggers an optical source 250 to transmit radiation 
through the optical window 40 to the primary module 20 in which the radiation is detected by 
optical sensor unit 160. For example, this radiation may be a single pulse lasting for one second. 
In response to detection of radiation, the optical sensor unit 160 sends a trigger signal to close the 
power-down switch 1 18 and turn the primary module 20 back on. When the processor 100 of the 
primary module 20 detects that it is connected to the power supply 22, it runs diagnostic tests in 
a power-on-reset (POR) mode, such as described, for example, in United States Patent 6,016,448 
to Busacker et al., wherein initial conditions of the heart are determined and stored in memory 
unit 170; the entire disclosure of this patent is hereby incorporated by reference into this 
specification. During this mode, the processor 100 also runs internal error checks, so that if the 
original power-down was caused by internal malfunction, and the cause of the malfunction has 
not been corrected, the secondary module is not deactivated. 

If the internal error checks indicate that the primary module circuitry 21 can support the 
PCD cardiac assist functions properly, the processor 100 sends a trigger to the pacing unit 140 to 
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begin operation and simultaneously sends a transmission signal to the optical source unit 150, 
whereupon the optical source unit 150 turns on or begins to pulse according to its pre-set 
frequency. The optical detector 260 of the secondary unit then detects that the optical source 
unit 150 of the primary unit is on, and in response, triggers the switch 218 to open, deactivating 
the secondary module circuitry 31 . 

To further improve the EMI resistance of the secondary module 30, the circuitry 
components 31 may be arranged, according to one embodiment of the secondary module 
circuitry 31, in a "cordwood" design such as is shown in Figure 4. As illustrated, in this 
arrangement all components are laid side by side on a teflon block 415, to avoid adherence, and a 
thin layer of mixed epoxy is laid onto the circuit components, which are aligned so as to 
minimize the wiring between the various components which reduces extraneous induced EMI 
pickup. When the epoxy has cured, the circuit 410 is removed from the teflon block and the 
components are wired as illustrated in Figure 4. The resistor and capacitor components 425 are 
shown hand-wired with very short leads, which reduces electrical pickup signals from an MRI in 
progress that might disturb the operation of the pacemaker circuitry. 

In another embodiment, the secondary module circuitry 31 comprises a custom designed 
integrated circuit (IC) fabricated, with the active semiconductors, resistors, capacitors and the 
connecting wires part of the IC. A monolithic IC of this type is described, for example, in 
United States Patent 5,649,956 965 to Pons et al. The entire disclosure of this patent is hereby 
incorporated by reference into this specification. 

Another embodiment of the invention utilizing a parallel resonant circuit 

MRI has been developed as an imaging modality used to obtain images of anatomical 
features of human patients as well as some aspects of the functional activity of biological tissue. 
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The images have medical diagnostic value in determining the state of health of the tissue 
examined. To obtain images, typically, the patient is aligned to place the portion of the anatomy 
to be examined in the imaging volume of a MRI apparatus. The apparatus typically comprises a 
primary magnet for supplying a constant magnetic field (B 0 ) which by convention is along the z- 
axis and is substantially homogeneous over the imaging volume and secondary magnets that can 
provide linear magnetic field gradients along each of three principal Cartesian axes in space 
(generally x, y, and z, or x h x 2 and x 3 , respectively). A magnetic field gradient (AB 2 /Axj) refers 
to the variation of the field along the direction parallel to B 0 with respect to each of the three 
principal Cartesian axes, Xj. The apparatus also comprises one or more RF (radio frequency) 
coils which provide excitation and detection of the NMR signal. 

As is known to those skilled in the art of MRI scanner design, there is a requirement to 
isolate the RF receive coil from the RF transmit coil. One method to accomplish this is the 
utilization of a parallel resonant circuit tuned to the Larmor frequency of the MRI system. The 
Larmor frequency of the MRI system is dependent upon the static magnetic field magnitude. The 
majority of clinical scanners in use today use a 1.5 Tesla superconducting magnet. There are a 
variety of static magnetic field magnitudes, which are used in research environments and in the 
future may be utilized clinically. Through the Larmor relationship it is known that 

co = yB 0 

where co is in radians per second (=2n times the frequency), y is the gyromagnetic ratio 
(approximately 42.6 megahertz [MHz] per Tesla for hydrogen) and B 0 is the static magnetic field 
magnitude. The resonant frequency at 1.5 Tesla for hydrogen in clinical scanners is 
approximately 63.9 megahertz.. Therefore, in the range of 0.5 to 14.1 Tesla, the resonant 
frequency range will be 21.3 megahertz to 651 megahertz. Clinical MRI almost exclusively 
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images utilizing the resonance of hydrogen, therefore the value for y of 42.6 megahertz per Tesla 
is standard. 

One preferred process of the instant invention is presented in Figure 5. Referring to 
Figure 5, and in step 440 thereof, timing circuitry 441 within the MRI Instrumentation hardware 
activates the gradient coils of the MRI scanner while substantially simultaneously activating a 
trigger voltage (see step 444). Thereafter, generally within a period of 3 microseconds, the 
timing circuitry 441 also activates the transmission of radio frequency coil pulses (see step 446). 

One may use timing circuits known to those skilled in the art as MRI timing circuitry 
441. Thus, e.g., referring to Figure 8 of United States patent 4,379,262 ("Nuclear magnetic 
resonance systems"), there is disclosed a detailed timing and control arrangement 14. The control 
block shown at element 25 of such Figure 8 provides the basic control input for the apparatus. 
This may simply be an operator control panel at which the operator selects the next operation 
required or may be a microprocessor holding a predetermined control pattern but will generally 
be a combination of those two. The control 25 supplies instructions to a sequence controller 26. 
This holds in read only memory a predetermined bit pattern array representing instruction pulses 
for each of the output lines for each instruction and provides these pulses at timing intervals from 
timing circuits 27 in response to instructions from 25. Circuits 27 comprise a system clock and 
appropriate counters and gates. The entire disclosure of this United States patent is hereby 
incorporated by reference into this specification. 

Timing circuits of the type disclosed in United States patent 4,379,262 are well known 
and are adapted to control any sequence of operations which is known in advance. These circuits 
can readily be adapted to a chosen examination procedure. 
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Referring again to United States patent 4,379,262, and to Figure 9 thereof, it will be seen 
that the field control 16 gates the field probe output from amplifier 17 with timing signals from 
14 and takes a count in counter 28 which is in fact the measured field. Held in a staticiser 29, the 
measured field is compared in a subtractor 30 with the precalculated field (demand setting) from 
a store such as a read only memory 31. The consequent error signal is digitised in unit 32 to be 
applied to coil 12 via a power amplifier, thereby bringing the field to the required value. The 
entire disclosure of this United States patent is hereby incorporated by reference into 
specification. 

By way of further illustration, suitable MRI instrumentation timing circuitry is disclosed 
in United States patent 4,333,053 ("Imaging systems"), the entire disclosure of which is hereby 
incorporated by reference into this specification. Referring to United States patent 4,333,053, 
and to Figure 1 1 thereof, it will be seen that a block diagrammatic circuit for implementing a 
standard MRI procedure is illustrated. The NMR apparatus (see, e.g., Figure 1 of U.S. patent 
4,333,053) is indicated as element 40. Element 41, is a timing control unit which cooperates with 
the NMR apparatus and serves to control the timing of the various operations. It will be 
appreciated that the operation follows a well defined and predetermined sequence. The times for 
particular operations are therefore held in stores incorporated in unit 41 ; and, in response to 
signals from a system clock 42, timing signals are transmitted to the respective parts of the 
system. In practice, this, as with many other units, may be incorporated in a digital processor 
which can control the operation as well as processing the final signals. 

Referring again to United States patent 4,333,053, The NMR apparatus 40 is first caused 
to operate with a GR gradient in the manner previously disclosed, and the resonance signals thus 
provided are demodulated in demodulators 43 and 44 at frequency f 0 from a reference oscillator 
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45. To preserve phase information, demodulation is into in-phase and quadrature components, 
the reference for demodulator 44 being shifted by 90° in circuits 46. 

Referring again to Figure 5 of the instant specification, the trigger voltage 444 activated 
by the timing circuitry 441 will be applied to a specified diode (see step 447), thereby preferably 
forming a parallel-resonant circuit that is functional only when the resonant condition is met (see 
Figures 8A through 8D for some suitable resonant circuits which utilize such a diode; also see 
steps 448 and 449 of Figure 5). As will be apparent, this trigger voltage 444 provides means for 
furnishing electrical impulses to either an optical emitter (not shown in Figure 5) and/or for 
directly activating a diode (not shown) 

As is known to those skilled in the art, parallel-resonant circuits have very high 
impedances at or near the resonant frequency of the circuit and essentially perform as open 
switches at such resonant frequencies. When the parallel resonant circuit becomes functional (see 
step 448), it then prevents current at or near the resonant frequency from passing through it. 
Thus, when this parallel-resonant circuit is interconnected between a cardiac assist device circuit 
and cardiac leads and is functional, it will effectively open the circuitry of the cardiac assist 
device, totally inhibiting current induced by the radio frequency fields of the MRI system from 
flowing to the device or via the leads to the heart (see step 450). Therefore, the functional 
resonant circuit prevents the occurrence of deleterious effects on the cardiac assist device and the 
heating of the electrodes placed in the cardiac tissue. Thus, in the device of this application, the 
parallel resonant circuit which is activated provides means for ceasing the furnishing of 
electrical impulses from a cardiac assist device to a patient's heart; when alternating currents are 
supplied which deviate from frequency at which resonance occurs in the parallel resonant 
circuit, current is allowed to flow to the device, the amount of flow depending upon the 
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deviation from the resonant frequency. Consequently, when the parallel circuit is not activated 
(at frequencies more or less than the resonant frequency), it acts as a closed switch, and there is 
provided means for furnishing the electrical impulses to the heart. 

As will be apparent to those skilled in the art, the amount of current which will be 
allowed to flow at frequencies other than the resonant frequency may be adjusted by adjusting 
the "Q" of the circuit which, in turn, depends upon, e.g., the resistance in the circuit. 

When the timing circuitry signals the MRI gradient field pulses and the trigger voltage 
off, the circuitry of the cardiac assist device is activated because the parallel-resonant circuit 
ceases to exist. However, since, in this event, the pulsed radio frequency is no longer being 
produced, there is no danger to the pacemaker circuit and the patient within whom such circuit is 
disposed. 

Figures 6A, 6B, 6C, and 6D illustrate one preferred series of phase relationships which 
preferably are produced by the timing circuit of the MRI device. 

Referring to Figure 6A, the activation of the "slice select" (SS) gradient 460 occurs 
immediately prior to the application of the radio frequency (RF) pulse 462. The gradient and RF 
coils activated utilizing the standard pulse sequence in Figure 6 A is of the type magnetic field 
gradient and RF coils described hereinabove. 

A simplified depiction of the timing relationship between the RF coil activation, the 
triggering of the optical emitter (OE) and the output of the cardiac assist device is shown in 
Figures 6B, 6C and 6D respectively, which illustrate the timing of one embodiment of the 
present invention. The units of the axis in Figures 6 A through 6D are relative and can take on 
many different values. A wide variety of timing sequences are possible depending upon the 
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choice of pulse sequence and type of cardiac assist device. This embodiment of the invention 
may be applied to any number of time sequences similar to Figures 6B, 6C and 6D. 

Referring again to Figures 6B, 6C, and 6D, the triggering of activation for the optical 
emitter (OE) 466 precedes the triggering of the activation of the radio frequency (RF) coils of the 
MRI scanner 468. 

Once the radio frequency coils of the MRI scanner are activated, radio frequency fields 
are generated whose concentration is at a maximum within the core of the coils. These fields 
interact with and are "received by" all materials with which it contacted. A cardiac assist device 
within a patient will be contacted and affected by such R.F. fields. The R.F. fields may trigger 
the cardiac assist device and cause rapid pacing when, in fact, such is not required by the patient. 
Alternatively, or additionally, the R.F. fields often induce a voltage within the cardiac assist 
device which is so substantial that it often destroys the device. 

As used in the specification, the term "receiving pulsed radio frequency fields" includes 
any device which is in any manner affected by the pulsed radio frequency fields. Thus, even 
though the cardiac assist device might not contain a formal antenna for receiving the pulsed radio 
frequency fields, it still contains means for receiving such pulsed radio frequency fields in that 
one or more of its components interact with such fields. Without wishing to be bound to any 
particular theory, applicants believe that the leads of the cardiac assist device often act as 
antennae. 

A multitude of waveforms may be applied for the MRI sequence. There are also a variety 
of cardiac assist devices (CADs) providing different pulsing and sensing capabilities. The timing 
description shown in Figure 6D is only one example of a ventricular VOO pacemaker pulsing 
waveform. The initiation of any pulse (for example, pulse 470 in Figure 6D) from the VOO 
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cardiac assist device (CAD) will not occur during a radio frequency pulse derived from the RF 
transmit coils of the MRI scanner. The duration of this pulse will not overlap or occur during an 
RF pulse derived from the RF transmit coils of the MRI scanner. 

By way of illustration and not limitation, an example of one complex scenario for the 
sensing and pacing steps is described in United States patent 4,800,883 ("Apparatus for 
generating multiphasic defibrillation pulse waveform"), the entire disclosure of which is hereby 
incorporated by reference into this specification. 

By way of further illustration, United States patent 6,163,724 ("Microprocessor capture 
detection circuit and method") discloses means for auto-capture detection in a variety of pacing 
and sensing modes. Thus, e.g., this patent discloses a software programmable (device means 
such as a microprocessor) that discriminates between evoked response signals and post-pace 
polarization signals sensed by an implantable medical device. The polarity of the positive or 
negative change in voltage in respect of time (or dv/dt) of the waveform incident on the lead 
electrodes is monitored during a short period of time immediately following a paced event. The 
patent also discloses that the post-pace polarization signal exhibits a relatively constant polarity 
during the capture detect window, that the evoked response signal may cause the polarity of post- 
pace polarization signal to reverse during the capture detect window, that the sign of the post- 
pace polarization polarity, either positive or negative, is determined by the design of the specific 
output circuitry. In the device of this patent, the evoked response signal may reverse the polarity 
of the sensed signal in either case, from positive to negative or from negative to positive, during 
the time window of interest. In another embodiment of the patent, and when the magnitude of 
the post-pace polarization is so great that the evoked response does not reverse the polarity of the 
waveform, discrimination of the evoked response is achieved by noting an acceleration (or 
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increasing magnitude of dv/dt) in the sensed signal or waveform. The entire disclosure of this 
United States patent is hereby incorporated by reference into this specification. 

By way of further illustration, United States patent 6,169,921 ("Autocapture 
determination for an implantable cardioverter defibrillator") discloses a cardiac 
pacing/defibrillation system that enhances the ability of a cardiac pacer to automatically detect 
whether a pacing stimulus results in heart capture or contraction. The cardiac 
pacing/defibrillation system of this patent includes a pacing circuit that attenuates polarization 
voltages or "afterpotential" which develop at the heart tissue/electrode interface following the 
delivery of a stimulus to the heart tissue, which thereby allows the pacing electrodes to be 
utilized to sense an evoked response to the pacing stimulus. The cardiac pacing/defibrillation 
system of this patent may utilize the ventricular coil electrode and superior vena cava coil 
electrode to sense an evoked response, thereby eliminating the necessity for an additional 
ventricular lead for sensing an evoked response. The device of this patent allows accurate 
detection of an evoked response of the heart, to thereby determine whether each pacing stimulus 
results in capture. The entire disclosure of this United States patent is hereby incorporated by 
reference into this specification. 

In step 446 of Figure 5, a parallel resonant circuit is activated. Some suitable resonant 
circuits which may be used in the process of this invention are depicted in Figures 8A, 8B, 8C, 
and 8D. In one embodiment of the invention, there is provided a cardiac assist device 
comprising means for connecting said cardiac assist device to a heart, means for furnishing 
electrical impulses from said cardiac assist device to said heart, means for ceasing the furnishing 
of said electrical impulses to said heart, means for receiving pulsed radio frequency fields, and 
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means for receiving optical signals. The device contains a control circuit comprised of a parallel 
resonant frequency circuit activated by optical input. 

Referring again to Figures 8A, 8B, 8C, and 8D, radio frequency (RF) energy, of a 
specified frequency, will cause a resonant circuit to be activated, resulting in a high impedance 
block of induced current. This high impedance will essentially cause a disconnect between the 
cardiac leads and the primary and/or secondary module of the device, thereby inhibiting 
deleterious current to the leads and the modules. When one of the resonant circuits depicted in 
Figures 8A through 8D is not induced, the circuits will simply conduct current between the 
cardiac assist device and the heart. By choosing the appropriate circuit components, one may 
| g choose a "Q" which will provide the desired current flow, or lack thereof, at specified 
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j i y frequencies. At resonance it is a requirement that 
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Q where the units of f are in hertz, L are in henries, and C are in farads. 
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Q In one embodiment, by the use of a variable resistor (not shown), the "Q" (quality factor) 

ru 

O of the parallel resonsant may be varied, thus varying the amount of current which is allowed to flow 
at specified frequencies off of the resonant frequency. 

The circuits depicted in Figures 8A through 8D are disclosed in United States patent 
6,144,205 of Steven Souza et al. The entire disclosure of this United States patent is hereby 
incorporated by reference into this specification. Figure 8A corresponds to Figure 2 of the patent, 
Figure 8B corresponds to Figure 4 of the patent, Figure 8C corresponds to Figure 5 of the patent, 
and Figure 8D corresponds to Figure 6 of the patent. This patent claims an antenna assembly for 
a magnetic resonance imaging system that produces images of a substance, said antenna assembly 
comprising: a resonant circuit having a first inductance and being tuned to resonate at a Larmor 
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frequency specified herein; a reactive electrical device; a photosensitive first semiconductor switch 
selectively connecting the reactive electrical device to die resonant circuit, wherein impingement of 
any optical energy on die photosensitive first semiconductor switch alters connection of die 
reactive electrical device to die resonant circuit thereby substantially nulling die response of 
resonant circuit at the Larmor frequency; and a receive coil control coupled to illuminate die 
photosensitive first semiconductor switch. 

The Figures of Untied States patent 6,144,205 disclose resonant circuits having a first 
inductance and being tuned to resonate at a Larmor frequency. Figure 8A depicts one 
embodiment where a series resonant circuit 500 comprises an inductance 502 with capacitances 
^ 504 and 506. Inductance 508, capacitance 504 and PIN diode 510 form a blocking resonant loop 
Sy coupled through capacitance 504 to the cardiac assist device. As is known to those skilled in the 
□ art, PIN diodes are preferably utilized because of dieir high on/off conductance ratio. 

in 

;f| A dc trigger voltage (see step 444 of Figure 5) is applied to the terminals 512 and 514 from 

3 an external source via an electrical lead, such as a lead from a trigger device adapted to produce 

such voltage when initiated from a separate source, such as the timing circuitry in an MRI scanner. 
^ The terminals 512 and 514 also serve as the receiving means of the radio frequency energy of 

ess* 

specified frequency of the transmit receiver of the MRI scanner. When the direct current is 
applied to terminals 512 and 514, and where the bias is such that it produces a forward current 
through diode 510, the inductance 508 forms a parallel-resonant condition with the capacitance 
504. This condition results in the loss of conduction through the entire circuit 500 hence disabling 
and opening the circuit. 

In one preferred embodiment, die direct current 511 applied to PIN diode 508 is applied 
from an external source via an electrical lead, such a lead from a trigger device adapted to produce 
such current when initiated by a dc trigger voltage from a separate source, such as the timing 
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circuitry in an MRI scanner. When the direct current 51 1 is not applied to the PIN diode 510, die 
circuit is open (disabled). 

In one preferred embodiment, die diodes 534, 542, 544, 574, and 576 in Figures 8B, 8C 
and 8D will be optically controlled photodiodes. One may use conventional resonant circuits 
activated by optical switches. Thus, e.g., one may use the parallel resonant circuit switch disclosed 
in United States patent 5,055,810 ("Ultra-High speed light activated microwave switch/modulation 
using photoreactive effect"); the entire disclosure of this United States patent is hereby 
incorporated by reference into this specification. Disclosed in this United States patent is a 
resonant circuit switch that is controllable via a photodiode. The fabrication of the photodiode 
illustrated in this patent utilizes the reactance of die photodiode instead of the standard use of the 
resistance. This results in a drastic increase in the switching speeds of the entire resonant switch. 

Referring again to Figure 8B, the circuit 520 comprises an inductance 522 connected to 
form a resonant circuit 527 with a pair of series connected capacitances 524 and 526 with an 
intermediate node 528 between the capacitances. The resonant circuit 527 is tuned to the Larmor 
frequency of the substance being examined by MRI, (e.g., human tissue). In one embodiment the 
dc trigger voltage can be linked through an electrical lead to terminal 529 to the intermediate node 
528 via an inductor 530 or other reactive electrical device. The other pole of die dc trigger voltage 
can be linked through an electrical lead to terminal 531 to a node 532 between the second 
capacitance 532 and inductance 522. A photosensitive semiconductor device, such as a 
photodiode 534, is connected to the dc trigger voltage without regard to diode polarity. 
Alternatively, the photosensitive device could comprise a PIN-type photodiode, a phototransistor, 
a photodarlington transistor pair, a light-activated SCR or a photo-FET 

The device of this invention is comprised of means for receiving an energy input and, in 
response thereto, for activating the parallel resonant circuit described above. One form of energy 
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which will activate the parallel resonant is photonic energy, and a switching device incorporating 
such photonic energy will be described in die remainder of diis specification. Alternatively, or 
additionally, one may use odier forms of energy to activate the parallel resonant circuit. Thus, for 
example, one may utilize a direct current voltage supplied by the MRI scanner and/or another 
apparatus to activate, e.g., a diode (such as, e.g., a pin diode). 

Referring to both Figures 7 and 8B, an in one preferred embodiment of the invention, a 
transmitted optical signal via a fiber optic cable 520 (see Figure 8B) may be positioned on or near 
the skin surface 424 (see Figure 7) of a patient to illuminate the active surface of photodiode 534. 
The photodiode 534 may be placed within a feed-through assembly 422, as is known to those 
skilled in the art of designing and constructing capacitive feedthrough assemblies in cardiac assist 
devices. One may connect the cardiac leads (not shown) to the cardiac assist device 400. 

In one embodiment, optical radiation is transmitted through the skin a patient. In one 
aspect of this embodiment, one may use near infrared light in the range of from about 700 to 
about 900 nanometers and, preferably, from about 750 to about 850 nanometers. It is often 
preferred to use optical radiation of from about 775 to about 825 nanometers; it is known that 
radiation of about 800 nanometers efficiendy is transmitted through the skin of human beings. 

As will be apparent, a photodector may be disposed beneath the skin, substantially 
anywhere in the living organism. It is preferred not to have to transmit the light through highly 
absorbent body tissue, such as a liver, or through bone. However, subcutaneous placement of the 
photodetector(s) beneath one or more skin layers is relatively efficient. 

Referring again to Figure 7, when the signal on line 429 indicates that the MRI system 
gradient coils are active 440/444, the optical emitter 418 responds by producing a light beam which 
is sent through the optical fiber 420. This light beam illuminates the photodiode 534 in the circuit 
520, hereby rendering the photodiode conductive. This causes the blocking loop 537 (see Figure 
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8B) formed by the photodiode 534, input inductor 530, and the second capacitance 526 to be 
parallel resonant at die Larmor frequency. The blocking loop 537 is coupled to the resonant 
circuit 527. This blocking loop parallel resonance substantially nulls die response of die resonant 
circuit 527 at the Larmor frequency, thereby preventing current from flowing from die electrical 
leads to the cardiac assist device 400 during RF transmission of an MRI procedure. During the 
receive mode, the optical emitter 418 does not produce illumination of the photodiode 534 so that 
the blocking loop 537 does not form a complete parallel resonant circuit and has no effect on the 
resonant circuit 527. When resonant at the Larmor frequency, blocking loop 537 also presents a 
high impedance between the cardiac leads and the resonant circuit 527 electrically isolates the two 
components during the transmission of the RF pulses. Thus any signal induced in the circuit 520, 
due to the intense transmit fields, will be attenuated before reaching the electronics of the cardiac 
assist device 400. 

In one embodiment, the device depicted in Figure 5 of United States patent 6,144,205 may 
be utilized in the apparatus of this invention. Referring to such Figure 5, and to embodiment 254, 
the device of such Figure 5 is similar to the device of Figure 4 of the patent but has been modified 
with the addition of a semiconductor switch 188 in parallel with the photosensitive device 190, but 
with the opposite polarity (i.e. an anti-parallel connection with photosensitive device 190). In such 
a configuration, the normal forward current between terminals 191 and 192 through 
semiconductor switch 188 is opposite diatof normal forward current between terminals 191 and 
192 through photodiode 190. Semiconductor switch 188 may, for example, be a PIN type diode, 
transistor, FET or SCR. The current produced by die photodiode or other type of photosensitive 
device 190, when illuminated, will flow through and partially turn on semiconductor switch 188 
thereby reducing the net RF impedance between terminals 191 and 192. This will reduce the on- 
state impedance in blocking loop 194, increasing the degree to which the parallel resonance of 

27 



blocking loop 194 nulls the response of resonant circuit 195 comprising inductance 196 and two 
capacitances 197 and 198. The entire disclosure of diis United States patent is hereby incorporated 
by reference into diis specification. 

As a variation of die aforementioned embodiment, and referring again to United States 
patent 6,144,205, the semiconductor switch 188 may also be a photodiode or other type of 
photosensitive device. In this case, best operation will be obtained if provision is made to 
adequately illuminate both photosensitive devices 190 and 188 in order to render diose devices 
conductive. 

Figure 6 of United States patent 6,144,205 illustrates an alternative third embodiment 354 
of the optical technique for disabling an RF antenna. This embodiment has a parallel resonant 
blocking loop 201, comprised of photosensitive semiconductor switch 214, inductor 212, and 
capacitance 204 rather than capacitance 206 corresponding to capacitances 174 and 198 in Figures 
4 and 5 of such patent, respectively, and optionally semiconductor switch 216. This can be done 
because there is no need to provide an electrically conducting path to photosensitive 
semiconductor device 214 as is the case for PIN diode 20 in Figure 2 of this patent. Device 214 
may be connected without regard to diode polarity, and may be a photodiode, a PIN-type 
photodiode, a phototransistor, a photodarlington transistor pair, a light-activated SCR or a photo- 
FET. If semiconductor switch 216 is omitted the circuit operation is identical to that of the first 
embodiment in Figure 4 of this patent, while offering an additional option for physical placement 
of the components of blocking loop 201 . The circuit of Figure 6 of this patent offers the further 
advantage that photosensitive semiconductor switch 214 and inductance 212 are not in the signal 
path between the resonant circuit 208 and the signal cable 158 connected to terminals 218 and 
219, and therefore do not attenuate the received signal in receive mode. 
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As a variation of the third embodiment of this patent, the modifications of the second 
embodiment of die patent shown in Figure 5 diereof (that is, the addition of a semiconductor 
switch 216 anti-parallel with the photosensitive semiconductor device 214) may be applied to the 
circuit of Figure 6 of the patent This will reduce the on state impedance in blocking loop 201 , 
increasing the degree to which the parallel resonance of blocking loop nulls the response of 
resonant circuit 208. As a further variation of this diird embodiment, the anti-parallel 
semiconductor switch 216 may also be a photodiode or other type of photosensitive device or any 
semiconductor activated by photodiode 214. 

In another embodiment, a circuit as shown in Figures 8A through 8D may be placed within 
a feedthrough assembly within the path of the leads immediately adjacent to the pacing electrode 
of the cardiac assist device. 

Thus, e.g., one may use the device depicted in United States patent 6,031,710, the entire 
disclosure of which is hereby incorporated by reference into this specification. This patent 
discloses a capacitive filter feedthrough assembly and method of making the same for shielding 
an implantable medical device, such as a pacemaker or a defibrillator, from electromagnetic 
interference or noise. A ferrule is adapted for mounting onto a conductive device housing by 
welding, soldering, brazing or gluing, and supports a terminal pin for feedthrough passage to a 
housing interior. A capacitive filter is mounted at the inboard side of a device housing, with 
capacitive filter electrode plate sets coupled respectively to the housing and the terminal pin by 
an electrically conductive combination of adhesive, brazing and soldering. In one embodiment of 
the invention of this patent, multiple capacitive filters are provided in an array within a common 
base structure, where each capacitive filter is associated with a respective terminal pin. 

Referring again to Figure 7, and in one embodiment thereof, the cardiac assist device 
400 will not shut down when the open circuit is established. An open circuit at the lead will be 
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recognized by the cardiac assist device processor as a specific event defined within ROM 170 
(see figure 2). The cardiac assist device processor 100 (see figure 2) will not respond to this 
event definition and remain in a static state until the parallel-resonance circuit is triggered off 
and the closed circuit is reestablished between the cardiac leads 24 and 28 (see figure 2) and the 
cardiac assist device 400. For the embodiment utilizing the parallel-resonant circuit on the 
secondary module 30 there will be no requirement for signaling from the open circuit due to the 
fact that there is no sensing capability of the VOO secondary module 30. 

Referring again to figure 1 and figures 9, in one embodiment of the present invention, the 
cardiac assist device 10 of this invention will be remotely signaled to open the connection 
between both the sensing lead 28 and the pacing lead 24 of the device and the primary module 
20. A feedthrough assembly 602 and 604 (see Figure 9) connects leads 24 and 28, respectively, 
wherein such feedthrough assembly contains the resonant circuit(s) of Figures 8 A and/or 8B 
and/or 8C and/or 8D, as described hereinabove. 

Referring to Figure 10, the secondary module 30 may also contain the same mechanism 
remotely signaled to open a connection between the pacing lead 34 and the secondary module 30 
via feedthrough assembly 608. In one additional embodiment, an inductor/capacitor/diode (RLC) 
radio frequency detection circuit for the detection of the frequency specific RF signal is utilized.. 
One of the resonant circuits shown in Figures 8 A through 8D can be placed at the output end of 
the sensing lead and at one input into the processor 100. One may use any number of 
combinations of an RLC resonant circuit to serve the same function as the ones depicted in these 
Figures. For the purpose of simplicity of representation, additional components described in 
Figure 1 have been omitted from Figures 9 and 10 but not from the actual specification, unless 
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otherwise noted. The remote signal may be in the form of a radio frequency field (RF) from a 
magnetic resonance imaging (MRI) scanner. 

The use of the resonant circuits of Figures 8 A through 8D as described in the present 
invention dictates that the EMI shielding 18 specified in this specification not be utilized on the 
lead portion of the device specified herein. 

In anodier separate embodiment die secondary module will be omitted and the remote 
signaling derived from die scanner will influence only a resonant circuit switch from values for die 
capacitor and inductors within this type of circuit are required such that a high Q value of 
resonance is acquired within the circuit. 

5 The foregoing description was primarily directed to a preferred embodiment of the 

•0 

!pi invention. Although some attention was given to various alternatives within die scope of the 

□ invention, it is anticipated that one skilled in die art will likely realize additional alternatives that are 

in 

in now apparent from disclosure of embodiments of the invention. For example, the invention may 

3 be used to disable a transmit antenna rather than a receive antenna, and may be used in systems 

3 other than MRI systems where similar functionality is desirable. Accordingly, the scope of the 

\ invention should be determined from the following claims and not limited by the above disclosure. 
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